A resolution-tunable double-crystal analyser was successfully applied, for the first time, to angle-resolved x-ray imaging. Tuning the resolution between 0.5 and 2.3 was done with small loss of peak intensity using a Si(220) double-crystal analyser. The angle-resolved images of a housefly were recorded on nuclear emulsion plates at various angular resolutions. Several methods to improve the angular resolution of the analyser are also proposed.
Introduction
When x-rays pass through an object, their propagation directions are slightly changed due to refraction, small-angle scattering, and edge diffraction. Angle-resolved x-ray imaging detects these changes in the propagation directions of x-rays with a crystal analyser, and projects the image of the object onto a two-dimensional x-ray detector such as an x-ray film, an x-ray imaging plate or an x-ray CCD camera [1] [2] [3] [4] [5] [6] [7] . Since this imaging method has a much higher sensitivity to light elements (Z < 17) than the conventional absorption-contrast x-ray imaging, it is very useful for non-destructively observing the inner structure of biological and polymeric objects. The quality of the image in this imaging method depends largely on the performance of the analyser. Therefore, much effort has been directed towards improving the analyser. To date, several geometries have been adopted for it: Bragg reflection geometry [1] [2] [3] [4] , Bragg transmission geometry [5] , and Laue geometry [6, 7] . There is, however, no simple way of tuning the angular resolution of the analyser at a fixed x-ray energy. As a result, most experiments on angle-resolved x-ray imaging have been performed with fixed angular resolutions. Optimizing the angular resolution for various samples with the same optics requires a resolution-tunable analyser.
Resolution tunability can be realized by slightly detuning a double crystal from the parallel arrangement. Based on this principle, Hart et al [8] developed resolutiontunable Bragg reflection systems in 1984. Their monolithiccrystal systems have been widely used for harmonic-free monochromators, tunable polarizers, and reflection-curve tail suppression. A double-crystal aligner for a separate-crystal system developed by Ishikawa et al [9] in 1992 has also been used for collimators and polarizers. Here, we report the first successful application of the resolution-tunable double-crystal system to angle-resolved x-ray imaging.
A resolution-tunable double-crystal system
The non-dispersive double-crystal arrangement is schematically shown in figure 1 . An x-ray beam is incident upon the first crystal at an angle, θ . The second crystal is slightly detuned from the parallel setting by an offset angle, θ . The reflectivity of the double crystal for monochromatic x-rays is given by
where R 1 is the reflectivity of the first crystal and R 2 that of the second crystal. For nearly perfect crystals such as silicon, germanium, and diamond, the reflectivity can be calculated using the dynamical theory of x-ray diffraction (see, e.g. [10] ). For example, figure 2(a) shows the calculated rocking-curves of the Si(220) double crystal at a wavelength of 0.0733 nm. The offset angle, θ, is set at 0 (solid line), 
The experimental set-up
The resolution-tunable double-crystal analyser was tested at a bending-magnet beamline, BL-15C, at the Photon Factory (PF) at the High Energy Accelerator Research Organization (KEK) in Japan. The experimental set-up is schematically shown in figure 3 .
This optics consists of a fixedresolution double-crystal collimator and tunable-resolution double-crystal analyser. Each crystal was cut from an FZ silicon ingot, and its surface was mechano-chemically polished after the chemical etching to remove defects and strain fields. Monochromatic x-rays (λ = 0.0733 nm) were incident on the double-crystal collimator, where asymmetric Si 220 reflections (θ B = 11˚) took place successively. The angle between the crystal surface and the reflecting planes, α, was 10˚, and the asymmetric factor (b = sin(θ B − a)/ sin(θ B + α)) was calculated to be 0.0487. The beam divergence after the collimator, in the plane of diffraction, which limits the achievable angular resolution of this optics, was estimated to be 0.024 at λ = 0.0733 nm. The collimated beam was narrowed down to 11 mm (H) × 6 mm (V) by a slit and passed through a sample. The beam divergence in the plane normal to the diffraction plane was estimated to be 75 . The variations in the propagation direction of the x-ray beam caused by the sample were resolved by the symmetric Si(220) double-crystal analyser. To slightly detune the double-crystal analyser from the parallel arrangement, the analyser crystals were mounted on a special stage equipped with rotation and translation mechanisms [9] . The x-rays reflected by the analyser were recorded on a nuclear emulsion plate (Ilford, Type L4). 
Results and discussion
First, we measured the rocking curves of the double-crystal analyser at various offset angles without a sample. The results shown in figure 4 are in good agreement with the numerical calculations shown in figure 2(a) . The FWHM is 2.3 for θ = 0 , 1.7 for θ = 0.72 , and 0.5 for θ = 1.96 . The resolution tunability was successfully realized with only a small loss in peak intensity. The slight discrepancies between figures 4 and 2(a) are due to beam divergence and imperfections in the analyser crystals.
Next, we placed a sample and recorded its images on nuclear emulsion plates at various offset angles. The incident angle, θ, was adjusted at the position of the peak intensity for each offset angle. Figure 5 shows the x-ray images of a housefly observed at (a) θ = 0 , (b) θ = 0.72 , and (c) θ = 1.96 . For comparison, the sample was also observed without the analyser as shown in figure 5(d) . The dimensions of the field of view are 2.5 mm (H) × 3 mm (V) and the exposure time was about 5 min. The angle-resolved images in figures 5(a)-(c) are much clearer than the nonangle-resolved image in figure 5(d) . Further, the angleresolved image becomes clearer with increase in the offset angle. Note that the individual eyes of the housefly can be seen in figure 5(c) .
In this experiment tuning the resolution between 0.5 and 2.3 was done with only a small loss in peak intensity. There are several ways to improve the angular resolution: (i) the use of asymmetric crystals, (ii) the use of higher order reflections and (iii) the use of higher energy x-rays. The achievable angular resolution, however, would be limited by the quality of the crystals.
In experiments on angle-resolved x-ray imaging, the best efficiency is achieved when the beam collimation matches the resolution of the analyser. This condition can be easily realized by employing a tunable-resolution double-crystal collimator instead of a fixed-resolution collimator. For example, if we tune the beam collimation to 0.5 in the above experiment, the total throughput would be improved by about 20 times. The combination of resolution-tunable collimator and analyser will greatly improve the performance of angle-resolved x-ray imaging.
